Abstract Methamphetamine (Meth) abuse exacerbates HIV-1-associated neurocognitive disorders (HAND). The underlying mechanism for this effect is not entirely clear but likely involves cooperation between Meth and HIV-1 virotoxins, such as the transactivator of transcription, Tat. HIV-1 Tat mediates damage in the CNS by inducing inflammatory processes including astrogliosis. Wnt/β-catenin signaling regulates survival processes for both neurons and astrocytes. Here, we evaluated the impact of Meth on the Wnt/β-catenin pathway in astrocytes transfected with Tat. Meth and Tat downregulated Wnt/β-catenin signaling by >50%, as measured by TOPflash reporter activity in both an astrocytoma cell line and primary human fetal astrocytes. Meth and Tat also downregulated LEF-1 transcript by >30%. LEF-1 is a key partner of β-catenin to regulate cognate gene expression.
Introduction
In approximately 50% of HIV-1 infected individuals, HIV-1 causes a spectrums of neurologic disorders that range from mild cognitive impairment to more severe HIV-associated dementia (HAD). These disorders are collectively known as HIV associated neurocognitive disorders (HAND), which persist despite Highly Active Antiretroviral Therapy (Letendre et al. 2009; Letendre et al. 2010) . HAND is more severe in those who abuse drugs than in those who do not (Reyes et al. 1991; Hauser et al. 2007; Ferris et al. 2008) . This co-morbidity applies to Methamphetamine (Meth), a potent psychostimulant that has exceeded cocaine abuse in the United States (Hser et al. 2008) and is also frequently abused in the HIV/AIDS population (Koutsilieri et al. 1997; Maragos et al. 2002; Nath et al. 2002) . Meth exacerbates HAND as Meth abusers who are HIV-1 infected have more severe neuropathology than those who are none Meth abusers (Koutsilieri et al. 1997; Maragos et al. 2002; Nath et al. 2002) . The mechanisms underlying these exacerbated co-morbidity is not entirely clear.
Although HIV-1-mediated neuropathogenesis is a complex process, largely driven by direct and indirect effects of HIV-1 infection in the CNS, the HIV-1 transactivator of transcription (Tat, M.W. 8335) causes profound damage in the CNS (New et al. 1997; Kruman et al. 1998; Bansal et al. 2000; Maragos et al. 2003; King et al. 2006) . Tat induces astrogliosis by activating glial fibrillary acidic protein (GFAP) expression through a regulatory process involving Tat induction of p300 through its early growth response 1 (egr-1) element, which then activates GFAP expression (Zhou et al. 2004; Zou et al. 2010) . Tat dysregulation of astrocytes, which depending on the dose and the system used, may also include apoptosis of astrocytes (Kim et al. 2003; Khurdayan et al. 2004; Eugenin et al., 2007) . Because Tat is a small protein that is released from infected cells and can enter bystander cells or be transported axonally , Tat can exert its effects even at distant sites from HIV-1 infection.
Given the critical role of astrocytes in maintaining CNS homeostasis, we evaluated the impact of Meth and Tat on the Wnt/β-catenin pathway in astrocytes. The Wnt/β-catenin pathway is a negative regulator of HIV-1 replication in astrocytes (Carroll-Anzinger et al. 2007; Li et al. 2011) . It is a complex signal transduction pathway that regulates the transcription of hundreds of genes, including those involved in cell differentiation, communication, apoptosis/ survival and proliferation (Miller and Moon 1996; Moon et al. 1997) . The Wnt/β-catenin signaling is initiated by binding of Wnt protein (soluble glycoproteins) to the seven transmembrane Frizzled family of receptors. Binding of Wnt to Frizzled often requires the recruitment of lowdensity lipoprotein receptor-related protein (LRP) 5/6. This leads to a signal transduction cascade that destabilizes a β-catenin destruction complex. This destruction complex consists of several proteins including axin, adenomatous polyposis coli (APC), casein kinase 1α (Ck1α), and glycogen synthase kinase 3β (GSK3β) and, when stable, leads to the phosphorylation of β-catenin at Ser33, Ser37, Ser45 and Thr 41, its ubiquitination by βTrcp and degradation through the proteasomal pathway. Destabilization of the destruction complex allows hypophosphorylated β-catenin to translocate to the nucleus where it binds to Tcell factor/lymphoid enhancer (TCF/LEF) transcription factors and leads to target gene transcription. β-catenin may also be membrane-associated by binding to cadherins to stabilize the actin cytoskeleton, mediate cell adhesion, and regulates synaptic strength. β-catenin can also be activated independent of a Wnt ligand initiating cascade, whereby signals that inhibit the destruction complex lead to stabilization and accumulation of β-catenin.
Considerable data point to the neuroprotective role of the Wnt/β-catenin pathway in the CNS (Henderson and AlHarthi, 2011) . Astrocytes are a vital source for Wnt ligands, which in turn initiate a Wnt signaling cascade to mediate anti-inflammatory responses, neuroprotection, and adult neurogenesis. Activated astrocytes in ventral midbrain secret Wnt 1 and via Wnt signaling mediate neuroprotection against 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) neurotoxicity (Toledo and Inestrosa 2010) . Further, Wnt signaling in astrocytes promotes dopaminergic neurogenesis from adult midbrain neuroprogenitor cells and proliferation of astrocytes post injury (White et al. 2010; L'Episcopo et al. 2011) .
Given the importance of the Wnt/β-catenin pathway in astrocyte function and in mediating anti-inflammatory processes and because of the critical role that astrocytes play in maintaining CNS integrity, we evaluated the impact of Meth and HIV-1 Tat on β-catenin signaling and determined whether the female sex hormone, 17β estradiol (estrogen), which in a cell-specific manner induces β-catenin signaling (Cardona-Gomez et al. 2004; Kouzmenko et al. 2004; Zhang et al. 2008; Varea et al. 2009 ) can modulate these effects in astrocytes.
Materials and methods
Cell culture U87MG astrocytoma cells were obtained from the NIH AIDS Research and Reference Reagent Program (Frederick, MD). The cells were propagated in Dulbecco's modified eagle's medium (DMEM, Gibco Invitrogen,) supplemented with 10% heat inactivated fetal bovine serum (HI-FBS; Sigma-Aldrich, St. Louis, MO) and 1% penicillin-streptomycin (Gibco Invitrogen, Carlsbad, CA) in 5% CO 2 humidified atmosphere at 37°C. Progenitorderived astrocytes (PDAs) were generated from neural progenitor cells provided by Dr. Eugene Major (NINDS, NIH, MD) and differentiated into astrocytes as previously described (Lamba et al. 2009 ). Briefly, progenitor cells were seeded on poly-D-lysine coated T-75 tissue culture flasks at 2x10 6 cells/flask and maintained in progenitor medium consisting of neurobasal media (Gibco Invitrogen) supplemented with 0.5% bovine albumin (Sigma), neurosurvival factor (NSF) (Lonza, Walkersville, MD), N2 components (Gibco Invitrogen), 25 ng/ml fibroblast growth factor (bFGF), 20 ng/ml epidermal growth factor (EGF) (R & D Systems, Minneapolis MN), 50 μg/ml gentamicin (Lonza) and 2 mM L-glutamine (Gibco Invitrogen). To induce differentiation, progenitor medium was replaced with PDA medium containing DMEM supplemented with 10% heat-inactivated fetal bovine serum, 2 mM Lglutamine and 50 μg/ml gentamicin. Cultures were >90% positive for GFAP after 30 days of differentiation.
Plasmids TOPflash reporter plasmid was purchased from Adgene (Cambridge, MA). Topflash is an indicator of β-catenin driven gene expression. It consists of seven native TCF/LEF binding sites linked to firefly luciferase reporter under the control of a minimal TA viral promoter. NFκB-luciferase reporter plasmid was purchased from Stratagene/ Agilent Technologies (Santa Clara, CA). It consists of putative NFκB binding sites linked to firefly luciferase under the control of minimal TATA box promoter. Tat cDNA (Adgene plasmid 14654) was purchased from Adgene (Cambridge, MA) and contains wild Tat gene corresponding to nucleotides 1-360. Renilla plasmid was purchased from Promega (Madison, WI) and was used as an internal transfection control.
Transfection and dual luciferase reporter assay Transfections of the indicated reporter plasmids and Tat cDNA were performed using TransIT-LT1 transfection reagent performed as recommended by the manufacturer (Mirus Bio LLC., Madison, WI). Briefly, the transfection reagent was mixed with serum-free media to which the recommended amount of DNA was added (0.5 μg/100,000 cells). The resulting transfection mix was then incubated for 20-30 min at room temperature. Following the incubation, the transfection mix was added to the cells and the respective assay performed after 24 h of incubation. Twenty hours after transfection, the medium was removed and the cells were lysed in 1x passive lysis buffer for 20 min at 37°C. 20 μL of lysate was used in a dual luciferase reporter assay (Promega, Madison, WI) using a single injector luminometer.
MTS assay MTS assay is a colometric cell viability assay from Promega (Madison, WI). It is based on the ability of viable cells to reduce a tetrazolium compound [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt; MTS] and an electron coupling reagent (phenazine methosulfate) PMS into a formazan product which is absorbed at 490 nm and detected by a ELISA plate reader. This assay was performed according to the manufacturer's recommendations.
Real-time RT-PCR Total RNA was isolated using RNeasy mini kit (Qiagen, Valencia, CA). cDNA synthesis was performed using qScript cDNA supermix using a protocol from Quanta BioSciences (Gaithersburg, MD). qRTPCR was performed using SsoFast EvaGreen Supermix with low ROX (BioRad, Hercules, CA) in a 7500 Real Time PCR System (Applied Biosystems by Life Technologies, Carlsbad, CA) using 7500 software v2.0.1 for data analysis. Primers used are: β-catenin: 5′TCTTGCCCTTTGTCCCGCAAATCA3′, Reverse 5′TCCACAAATTGCTGCTGTGTCCCA3′. Statistical analysis Descriptive statistics, mean or median +/− Standard deviation and Student's t-test analyses (including unpaired and paired tests) were performed using Microsoft excel software. p≤0.05 was considered significant.
Results
Meth and Tat, at the concentrations tested, did not lead to cytotoxicity of astrocytes The concentration of Meth in postmortem brains of chronic Meth abusers is reported to be as high as 0.8-1 mM (Talloczy et al. 2008) . We evaluated the impact of Meth on survivability of astrocytes using 0.01 mM to 1 mM doses of Meth. The MTS assay was performed at 24 h post-exposure. At concentrations between 0.01 mM and 1 mM, Meth had no effect on survival of astrocytes. Likewise, transfection of astrocytes with up to 0.5 μg Tat cDNA had no effect on astrocyte survival, as determined by the MTS assay ( Fig. 1 ).
Meth down-regulated β-catenin signaling To assess the impact of Meth on β-catenin-dependent signaling, astrocytes were transfected with a TOPflash construct consisting of putative TCF/LEF binding sites linked to firefly luciferase reporter or irrelevant/backbone vector (pCDNA) along with Renilla luciferase to normalize for transfection efficiency. Cells were then treated with Meth at doses ranging from 0.01 mM to 1 mM. At 24 h post transfection, dual luciferase assay was performed. Starting at 0.05 mM, Meth caused a dose-dependent reduction in TOPflash activity, which reached an approximately 2.5 fold reduction in TOPflash reporter activity at 1 mM Meth. These data demonstrate that Meth diminished β-catenin-mediated signaling in a concentration-dependent manner (Fig. 2) .
Tat down-regulated β-catenin signaling We also determined the impact of Tat on β-catenin signaling using TOPflash reporter activity. Tat cDNA was transfected into astrocytes along with TOPflash, backbone vector (pCDNA) and Renilla luciferase plasmid. At 24 h post transfection, Tat down regulated β-catenin activity by approximately 1.5 fold in comparison to pcDNA transfected cultures (Fig. 3 ).
Meth cooperated with Tat to down regulate β-catenin signaling in U87MG cells To assess the combined effect of Tat and Meth on β-catenin signaling, an astrocytoma cell line (U87MG) was transfected with TOPflash luciferase and Renilla luciferase and treated with Meth at 0.01, 0.05, 0.1, 0.5, 1 mM, and/or transfected with Tat cDNA, or left untreated. While individual Tat and Meth treatments downregulated β-catenin reporter activity by 35% and 55%, respectively. Together, Meth and Tat downregulated β-catenin signaling reporter activity by >60% in U87MG cells (Fig. 4a) . These data suggest that the effect of Tat and Meth on β-catenin signaling in U87MG cells were additive, engaging separate pathways to repress β-catenin-mediated signaling.
To assess whether this effect also occurs in primary human astrocytes, we used human progenitor derived fetal astrocytes (PDA). PDAs were efficiently transfected as monitored by a GFP construct and Meth did not interfere with their transfection efficiency (Fig. 4bi) . Further, the transfected Tat into PDAs, which is HA tagged, can be detected by western blot using anti-HA antibodies (Fig. 4ii ). Under these conditions both Meth and Tat individually downregulated β-catenin signaling but no additive effect was observed in PDAs (Fig. 4biii) . These findings suggest that Meth and Tat in PDAs engage separate pathways to promote inhibition of β-catenin signaling. by qRTPCR. We show that Meth down regulated LEF-1 expression by approximately 40% but it had no effect on TCF-4 (Fig. 5a,b) . Tat, on the other hand, had no effect on LEF-1 and it modestly inhibited TCF-4 expression (Fig. 5a,  b) . After combined treatment, LEF-1 mRNA downregulation was evident whereas TCF-4mRNA did not statistically change (Fig. 5a, b) .
Estrogen rescued the inhibitory effect of meth and Tat on the β-catenin pathway We investigated whether estrogen can overcome the downregulation of β-catenin signaling mediated by Meth and Tat. Estrogen was added at concentrations between 1.5-100 nM to astrocytes transfected with TOPflash with or without Tat cDNA and treated with Meth. Estrogen, in concentrations as low as 1.5 nM (400 pg/ml), which is reported in serum of women of healthy reproductive age (Straub 2007; Breu et al. 2011) normalized the individual effects of Meth and Tat on down regulation of β-catenin signaling, but did not overcome the combined inhibitory effect of Meth and Tat on β-catenin signaling (Fig. 6a) . Treatment of astrocytes with Meth also caused the cells to assume abnormal beaded morphology with long thread like processes indicative of a stress response (Fig. 6b ). Estrogen at physiological concentrations reversed this stress-induced beaded morphology (Fig. 6b ). These data demonstrate the potential of estrogen to normalize individual Tat and Meth effects on β-catenin, but at physiologic concentrations, estrogen was not sufficient to overcome the combined effects of these co-morbid factors on the β-catenin pathway.
Meth down-regulated NFκB pathway In some cell types, β-catenin antagonizes NFκB signaling (Deng et al. 2002) . Given our observation that Meth and Tat down-regulated β- (Fig. 7a) . Consistent with these data, Meth treatment led to a significant reduction in MCP-1 and IL-6 mRNAs by approximately 80% and 60%, respectively (Fig. 7b, c) . Down regulation of NFκB reporter activity and MCP-1 transcript persisted in presence of Meth and Tat while IL-6 expression normalized in presence of Meth and Tat co-exposure, indicating that Tat induction of NFκB was a stronger signal to overcome Meth mediated down regulation of IL-6 but not MCP-1.
Discussion
Individuals co-morbid for Meth abuse and HIV-1 demonstrate exacerbated neurocognitive impairment than either condition alone (Reyes et al. 1991; Hauser et al. 2007; Ferris et al. 2008) ). While the combined effects of Meth and HIV-1 on disruption of brain function is well reported in the literature, the mechanism(s) by which Meth promotes HIV-1-induced neuropathology is not entirely clear (Koutsilieri et al. 1997; Nath et al. 2002; Chang et al. 2005; Ferris et al. 2008) . The Wnt/β-catenin signaling pathway is an important neuroprotective pathway. Its dysregulation has been linked to a number of neurodegenerative diseases, including Alzheimer's, Parkinson's disease, and psychiatric disorders such as bipolar disorder and depression (Caricasole et al. 2003; Caricasole et al. 2005; De Ferrari and Moon 2006; Inestrosa et al. 2007 ). The pathway plays a vital role in regulation of various functions in CNS ranging from neurogenesis to neurotransmitter release, to vesical recycling, and to induction of long term potentiation and depolarization resulting in increased synaptic strengths (Inestrosa and Arenas 2010; Henderson and Al-Harthi 2011b) . Disruption of β-catenin signaling has profound biologic consequences that impacts synaptic connections in neurons and neurogenesis. In astrocytes, disruption of β-catenin leads to alterations of hundreds of genes, some of which are essential for the neuroprotective role of astrocyte such as alterations in the glutamate transport network within astrocytes (Henderson and Al-Harthi, unpublished observations) . Further, transgenic mice models indicate that β-catenin expression is required for memory consolidation in astrocytes (Maguschak and Ressler 2008) . Therefore, disruption of β-catenin signaling in astrocytes is likely to compromise the integrity of astrocytes that can in turn compromise their ability to promote neuronal health and maintain CNS homeostasis. We show here for the first time that Meth diminished β-catenin signaling. The Meth effect was more pronounced at 24 h post treatment. Meth and Tat in adult astrocytoma cells exhibited an additive effect on inhibition of β-catenin. While this additive effect was not observed in using primary human progenitor fetal astrocytes, each agent alone lead to substantial inhibition of β-catenin signaling. These findings suggest that the mechanism engaged by Meth and Tat to down regulate β-catenin is independent. Along these lines, Meth and Tat exhibited differential effects on transcript level of the two most prominent transcription factors of β-catenin pathway, LEF-1 and TCF-4. Meth down regulated LEF-1 transcript without impacting TCF-4 mRNA, while Tat had no effect on LEF-1 transcript but demonstrated a modest inhibition of TCF-4 mRNA. In our system, we transfected astrocytes with Tat cDNA (0.05 μg/100,000 cells). The level of Tat was deliberately maintained at a low level in an attempt to mimic presumably low level of CNS Tat associated with HAART. Meth concentrations in the CNS is highly variable in humans, depending on several factors including use pattern (e.g., chronic binging) and CNS concentrations can be 10 fold higher than sera (Talloczy et al. 2008) . Post mortem concentrations of Meth reported from fatal overdose reach up to 1 mM Meth (Talloczy et al. 2008) . Nonetheless, starting at 0.01 mM, we document dose-depended reduction in β-catenin mediated signaling. While the binding site for Meth in astrocytes is not known, considerable evidence exists documenting profound biologic effects of Meth exposure on astrocytes (Narita et al. 2008) . Some of these effects include long term astrocyte activation as well as hyperlocomation, as evaluated in small animal drug dependence behavioral models. These effects persisted even after withdraw of Meth treatment for 2 months. Given that Wnt/β-catenin signaling reduces inflammatory responses, even in astrocytes, suggest that its inhibition by Meth may potentiate proinflammatory/hyperactivation of astrocytes. It is interesting to note that Meth caused a morphological change in U87MG cells that is reminiscent of a beading appearance. This morphologic change does not reflect cell death as evaluated by the MTS assay. Most probably, because β-catenin also binds to cadherins at the cell membrane and is associated with the cytoskeleton of cells, its downregulation by Meth or Tat may also lead to alteration in cell adhesion properties of astrocytes that is reflected by the morphologic change observed. 17 β-estradiol (estrogen) has substantial neuroprotective properties, including in the setting of HIV-1 and Meth (Turchan et al. 2001; Wallace et al. 2006 ), yet the mechanism by which estrogen exerts these effects are not entirely clear. The reports that estrogen increases β-catenin signaling suggests that its neuroprotective properties maybe partly mediated by its induction of this neuroprotective pathway. In the current study, estrogen reversed the down regulatory effects of Meth and Tat on β-catenin signaling; however, at the doses tested, it was unable to reverse the combined effect of Meth and Tat. The estrogen concentration used in our studies (i.e., between 1 and 3 nM) was consistent with sera concentrations in healthy women of reproductive age during the menstrual cycle. Nevertheless, these concentrations were not sufficient to reverse the combined Tat and Meth effects. Other activators of β-catenin signaling, such as lithium, may be more beneficial in overcoming Meth-and Tat-mediated inhibition of β-catenin signaling. Activation of Wnt signaling by lithium chloride, which inhibits the negative regulator of the Wnt/ β-catenin pathway (GSK3β), or Rosiglitazone (a PPAR-γ agonist) reduce astrocytic activation in neurodegenerative diseases and are thought to do so through their ability to induce Wnt signaling (Toledo and Inestrosa 2010) .
To the best of our knowledge, there are no studies that evaluated the interaction between Meth and Wnt/β-catenin signaling, and studies with other psychostimulants are sparse. Moreover, most focused on the interaction of chronic cocaine and β-catenin expression (Freeman et al. 2001a; Freeman et al. 2001b; Zhang et al. 2002; Gil et al. 2003; Alimohamad et al. 2005; Dunbar et al. 2006; Lynch et al. 2008) . Chronic cocaine increases total β-catenin levels in dopaminergic regions in rodents (Zhang et al. 2002; Novikova et al. 2005) and non human primates (Freeman et al. 2001b ). However, these reports did not discriminate between active and inactive forms of β-catenin.
In another study, the cocaine-induced increase in total β-catenin was accompanied by increase in levels of proteins that degrade β-catenin (Novikova et al. 2005) . Cumulatively, the studies suggest that cocaine does not affect active β-catenin levels but rather causes degradation of inactive β-catenin. It is important to bear in mind that while cocaine and Meth share the capacity to enhance monoaminergic transmission, in contrast to Meth, cocaine is not thought to be neurotoxic, thus making direct comparisons tenuous. Meth down regulated NFκB reporter activity in astrocytes; which was consistent with inhibition of MCP-1 and IL-6, two downstream target genes of the NFκB pathway. NFκB is expressed in brain regions actively undergoing neurogenesis, particularly in cells committed to the astrocytic lineage (O'Neill and Kaltschmidt 1997; Denis-Donini et al. 2005) , it is neuroprotective against the apoptotic insults of HIV-1 verotoxin Tat (Ramirez et al. 2001) , and functions as a prosurvival signaling molecule in the CNS. Our finding that Meth and Tat cooperate to down regulate two neuroprotectove pathways, β-catenin and NFκB, suggests that Meth-and HIV-1-exposed astrocytes may be more susceptible to toxic signals than unexposed cells. In a cell-specific manner, β-catenin antagonizes NFκB activity (Buss et al. 2004) . Particularly, in neurons β-catenin negatively regulates NFκB. However, in astrocytes, Meth-induced down regulation of β-catenin was not associated with induction of NFκB, suggesting that mechanism does not exist in astrocytes.
Together, HIV-1 Tat and Meth down regulate neuroprotective pathways, β-catenin and NFκB, the consequence of which may drive the pathophysiologic dysregulation associated with Meth and HIV-1 co-morbidity. A better understanding of the interplay between HIV-1, Meth, and the Wnt/ β -catenin is likely to expedite the development of activators of β-catenin signaling to protect against Tat and Meth insults on the brain. Fig. 7 Effects of Meth and Tat on NFκB signaling: a U87MG were transfected with NFkB luciferase reporter with or without Tat cDNA (T) or backbone vector (pcDNA) and left untreated or treated with Meth (M) at 1 mM. At 24 h post-treatment, dual luciferase activity was measured and normalized as relative light units (RLU) of NFκB firefly luciferase activity/Renilla luciferase activity. U87MG RNA was isolated after treatments described in a and expression of MCP1 b and IL-6 c transcripts was measured by qRT-PCR. Data were normalized to GAPDH. Asterisks and≠denote p≤0.05 in comparison to pCDNA control and Tat cDNA treatment, respectively
